Multiple geophysical datasets from northern Vietnam were examined and reanalyzed to explore detailed structures within the deep crust and their relationship to major tectonic fault systems in this region. Deep seismic data using explosions were collected and examined to crustal structure in northern Vietnam. Based on the determined depths of seismic boundaries, we verified crustal densities by gravity inversion model of Bouguer anomalies. Then, refer to those verified crustal densities; crustal interface boundaries along selected profiles in northern Vietnam were inverted by fitting its gravity anomalies. Integration results reveal significant lateral variations in the depth of the Moho discontinuity. The Moho depth increases from coastal to mountainous areas, and increases more rapidly towards the northwest. The rapid thickening of the crust can be considered as the southeastern extension of the eastern Tibetan along the eastern Himalayan syntaxis. We deduce that these variations are controlled by the main tectonic faults in northern Vietnam. Furthermore, although the Red River fault zone is considered as a boundary between two regional crustal blocks, however, no remarkable differences in crustal density and Moho depth were obtained by our analysis. A comparison of previous magnetotelluric studies and heat-flow observations indicates that the low resistivity of the uppermost mantle beneath the Hanoi basin region is well correlated with the location of a high heat-flow anomaly. The high heat-flow and thin crust determined in this study is suggestive of a recent rifting process of the opening of the South China Sea.
InTRoduCTIon
Northern Vietnam, which is not far from the intersection of three major plates (i.e., the Eurasian, Indo-Australian, and Pacific plates) and includes the southern segment of the regional strike-slip Red River fault, has experienced multiple episodes of geotectonic evolution (Fig. 1) . According to the hypothesis of Southeast Asia extrusion, largescale left-lateral movement along the Red River Shear zone (RRSZ) during the Cenozoic, with clockwise rotation of the Indochina block, has with accompanied the collision between the Indo-Australian and Eurasian plates (Tapponnier et al. 1982 (Tapponnier et al. , 1986 . According to this model, the Red River strike-slip fault system cuts the entire lithosphere. However, based on the recognition that the crust has thickened during collision, a strike-slip fault can be activated to accommodate the thickening process. Such a strike-slip fault can be solely crustal in nature, and do not penetrate the lithosphere. This model is supported from a numerical investigation of large-scale continental deformation in the Indian-Asia collision zone (England and Houseman 1986) . Thus, a crustal model has arisen contention to a lithospheric model. Studies on the tectonic environment and geological structures of the RRSZ support both a lithospheric model (Gilley et al. 2003 ; Leloup et al. 2007 ) and a crustal model (Jolivet et al. 2001; Searle 2006) of the Red River strike-slip fault system. Furthermore, the role of RRSZ on the opening of the South Terr. Atmos. Ocean. Sci., Vol. 29, No. 4, 371-386, August 2018 China Sea and the continental extrusion was debated according to new observations (Lee and Lawver 1995; Chung et al. 1997; Mazur et al. 2012) .
The RRSZ divides northern Vietnam into two parts of relatively equal area. Its activity strongly affects presentday tectonic features, and thus represents the geodynamic regime in this area. Most of the main faults in northern Vietnam are strike-slip faults, showing left-lateral movements along NW-SE trending systems, and a reverse (right-lateral) sense of movement along orthogonal NE-SW and submeridian systems. These investigations are based on geotectonic and geomorphological observations of events and processes occurring since the Paleocene-Miocene (Tapponnier et al. 1986 ). However, present-day deformation caused by a plate collision represents reactivation of the Red River fault zone (RRFZ) (Tapponnier and Molnar 1977; Allen et al. 1984; Replumaz et al. 2001; Phan et al. 2012 ). Evidence of rightlateral motion since the Pliocene has been recorded along the Red River fault and along a series of NW-SE trending faults in northern Vietnam (Nguyen 1991; Nguyen et al. 1996; Vu 1996) . Of course, left-lateral motion has been detected on various submeridian and NE-SW trending fault segments Van 1996, 2006) . Most of these Cenozoic faults are still active at the present time, and represent the geodynamic response of the region to local and regional stress regimes (Nguyen 1996a; Nguyen and Hoang 2001) .
On a regional scale, northern Vietnam is separated into two geological regions by the NW-SE trending RRFZ. The southwestern region (referred to as the Southwest region in this study) belongs to the pre-Cenozoic Indochina block and the northeast region (hereafter, the Northeast region) is part of the South China block. The structural characteristics of the two regions are different. In the Northeast region, arc-shaped tectonic faults are well developed, showing predominantly submeridian trends in the north and subparallel trends in the south (Bui 1982; Tran et al. 2008) . In contrast, most of the main tectonic faults in the Southwest region are predominantly NW-SE trending extensional structures. The section of the RRFZ in northern Vietnam is sliding in this NW-SE direction, and activity is confined to two subparallel branches of the fault: the southwestern Red River and the northeastern Song Chay faults (Fig. 2) .
Information about deep crustal structures in northern Vietnam is necessary to understand the geodynamic evolution of the region and the regional consequences of collision between the Indo-Australian and Eurasian plates. In the past, investigations of crustal structure in northern Vietnam have relied mainly on gravity data (Bui 1983; Cao 1985; Cao and Dinh 1999; Dang 2003) . However, uncertainties in crustal parameters have resulted in large variations of results from different studies (Dinh et al. 2009 ). In particular, the crustal density, which is a critical parameter for the interpretation of gravity data, is not well constrained in this region. Therefore, we attempt to address this difficulty in this study. Based on gravity modeling, the geophysical observations from this and all previous studies were integrated so as to thoroughly investigate the deep crustal structures of northern Vietnam. We further discuss the implications of this crustal model for regional geodynamics, as well as for geotectonic hazard assessment, and discuss the implications for future research on the RRSZ.
ReVIew of geophySICAl InVeSTIgATIonS of deep CRuSTAl STRuCTuReS In noRTheRn VIeTnAm
Since 1955, and especially after 1960, geophysical investigations have been conducted as a part of geological surveys and mineral exploration in Vietnam. Initially, activities focused on mineral exploration and were confined to areas of mining activity. Most of these activities employed geoelectric and magnetic surveys to focus on coal mining areas in the Northeast region of Vietnam. Gravity survey was also conducted in the Cenozoic Hanoi basin. Maps of the entire basin were compiled at a scale of 1:100000, and at larger scales for some regions of the basin. Some magnetotelluric profiles across the RRFZ were also constructed. At the same time, for the purpose of oil exploration, intensive gravity and geoelectrical investigations were conducted in the Anchau region, located in a Mesozoic basin approximately 100 km to the northeast of the Hanoi basin. The above geophysical investigations have revealed structures within the uppermost sections of these two basins. Later, during the period from 1965 -1975, extensive geophysical investigations were conducted in the Cenozoic Hanoi basin for the purpose of oil exploration. Among them, several surveys employed two-dimensional (2D) seismic reflection techniques over distances on the order of 1000 km, and seismic refraction techniques over distances of hundreds of kilometers. The seismic reflection data provided reflected signals from crustal interfaces at depths greater than 2 km. The refraction data provided information on seismic velocities of crustal layers to depths of approximately 5 km. However, in many locations within the basin, the seismic profiles did not extend to pre-Cenozoic basement. Since 1976 (post-reunification of Vietnam), more intensive surveys and geophysical investigations have been conducted, both onshore and offshore. As of 1980, a map of Bouguer gravity anomalies has been available at a scale of 1:500000, and aeromagnetic surveys have been available at a scale of 1:200000; these surveys cover most of the territory of Vietnam (Department of Geology and Minerals of Vietnam 1995) . At limited locations in northern Vietnam, some magnetotelluric and geothermal profiling has also been performed (Pham et al. 1995; Nguyen 1996b; Doan et al. 2001; Doan and Dinh 2003; Le et al. 2008 Le et al. , 2009 .
Several geophysical surveys were conducted in northern Vietnam, mainly during the early stages of mineral and Leloup et al. (1995) and Phan et al. (2012) . The square indicates the area shown in Fig. 2 ( i.e., the study region in northern Vietnam). oil exploration. Unfortunately, many observations, analyses, and reports on the deep crust and tectonic evolution of the area have been published only in Vietnamese, and their availability is limited. Furthermore, results analyzed using different datasets from different authors present a variety of uncertainties related to methodology and interpretation. Until now, no careful examinations or discussions of early observations have been available. Thus, reexamination of early data on deep crustal structures, including careful evaluations of the observations and methods used in previous investigations, is necessary. In this study, we reexamine and analyze earlier geophysical observations and provide a consistent overview of their contribution to the understanding of deep crustal structures beneath northern Vietnam. We first review individual datasets, and then integrate these datasets to enable an examination and analysis of recently obtained data on deep crustal structures.
magnetotelluric Investigations of the Red River fault Zone
During 1996 -1997, a framework was developed for collaboration between researchers at the Institute of Geological Sciences, Vietnam Academy of Science and Technology, and the Institute of Earth Physics, Strasbourg, France. The joint research program analyzed two magnetotelluric (MT) profiles across the RRFZ, referred to as T1-MT and T2-MT (Fig. 2) . Two pairs of electrical and magnetic field recordings were obtained during this survey. Since two profiles were across the same the Red River fault zone with the distance between them is just about 40 km and the presented feature of the apparent resistivity and 2D resistivity structures are similar in both profiles (Doan et al. 2001) . In this study, a 2D inversion was applied to determine the 2D resistivity structures from recordings of T2-MT only (Fig. 3) . According to the resistivity structure model obtained from 2D inversion, the horizontal boundary separating regions of low and high resistivity occurs at depths of 28 -32 km. This boundary, which is present along most of the T2-MT profile, was considered to represent the Moho interface (Doan et al. 2001) . Much greater heterogeneity in resistivity values was detected in the deep crust layer as compared with values in upper layers. In the southwestern half section of this profile, resistivity in the surface layer was generally less than 500 Ohmm. The bottom of this layer, which varies from 1 -4 km, is consistent with the top of crystalline basement, as revealed by other geophysical studies (Dinh et al. 2009; Dinh 2010 ). In the northeastern half of the profile, from 48 km to the northeastern end of the profile, the low-resistivity subsurface layer was absent. The observed high resistivity from the surface to the deep crust in this section is characteristic of well-consolidated rocks in the Northeast region. A high shear-wave velocity obtained from a surface wave dispersion analysis confirmed the stable state of the crustal structure in the Northeast region (Wu et al. 2004) .
Along profile T2-MT, the region from 13 -27 km showed a very-low-resistivity top layer and extending to a depth of greater than 10 km (Fig. 3) . Beneath that, a low resistivity values (less than 200 Ohmm) were found. This region delimited by the Red River fault in the southwest and the Song Chay fault in the northeast was defined as the RRSZ. It is found that abnormally low resistivities in this section, as compared with surrounding areas, extended to the deep crust (Fig. 3) . However, the low resistivity detected under point LAS at the northeast end of the profile was considered to the result from conditions similar to those in the RRSZ section of the arc-shaped subparallel Dong Trieu fault (Fig. 4 ).
geothermal Investigations in the hanoi Basin
Results of geothermal investigations are available for limited areas of northern Vietnam (Duchkov et al. 1992; Dinh et al. 1994; Harder et al. 1995; Doan et al. 2010) . Heat flow was measured at depth within boreholes in the temperature-stable zone, which is estimated to be deeper than 12 -15 m in the Hanoi region . A concentrated area of geothermal measurements is available from the Hanoi basin area (square box in Fig. 2) , where a network of geohydrologic monitoring wells and a series of oil exploration boreholes were used for measurements. Heat-flow values were obtained in 31 shallow geohydrologic wells (depths within 30 -160 m) and in 17 deep oil-exploration boreholes with depths from 300 -3300 m (Dinh et al. 1994 ). The geothermal investigations in this area were conducted for the purpose of detecting heat flow related to upwelling mantle and for measuring the temperature structure of the crust (Fig. 4) . A region of high temperature gradients is located in the southeastern part of the Hanoi Basin. Two areas of high heat-flow anomalies were observed. The first, with heat-flow values of greater than 90 mWm -2 , occupies an elliptical area approximately 40 km long, located between the Red River and Vinh Ninh faults (Fig. 4) ; its northwest extension approaches a section of abnormally low resistivity in the RRSZ (detected by the T2-MT profile, Fig. 4 ). Within the central section of the anomaly, heat-flow values are greater than 110 mWm -2 . In the northeastern part of the basin, a second anomaly with heat-flow values exceeding 90 mWm -2 was observed in coastal areas along the Song Lo fault. The main part of the anomaly may extend to offshore areas. Along the northern margin of the basin, a smaller heat-flow anomaly was detected, with heat-flow values exceeding 70 mWm -2 . This anomaly, which extends along the northeastern edge of the Song Lo fault, is approximately 20 km long. Thus, heat flow in the area of the Hanoi Basin is generally high, and the locations of heat-flow anomalies were proposed to correspond to the locations of Cenozoic rifting structures in the basin by Dinh et al. (1994) .
deep Seismic Surveys Across major Tectonic faults in northern Vietnam
Wide-angle reflection and refraction seismic profile provides information for delineating structural and tectonic features in the deep crust. However, the high cost of such surveys and the complexity of operations in densely populated areas have prevented its application in Vietnam. During 2007 During -2008 , in a cooperative study between researchers at the W. J. Miller Geophysical Laboratory at the University of Texas at El Paso (USA) and the Institute of Geological Sciences, Vietnam Academy of Science and Technology (Vietnam), the first wide-angle reflection/refraction investigations were conducted in northern Vietnam along two short profiles (approximately 130 km) (Fig. 2) . Both profiles were designed to intersect the main structural units in the region .
The wide-angle reflection/refraction data were previously analyzed and two crustal structure sections were constructed (Dinh et al. 2009 . The first profile intersected a number of arc-shaped faults belonging to the Northeast structural region including the Song Lo fault and branches of the RRFZ (Fig. 2) . The second profile crossed most of the main systems of tectonic faults in the Northwest structural region, such as the Song Da, Son La, and Song Ma fault systems. Each of the profiles consisted of six shots fired at three locations. Because the seismic signals were generated by relatively small shots, the crust-mantle reflection was not visible in the raw data on all traces. The reflection signals were more clearly observed after data processing with band-pass filtering in the frequency range 1 -20 Hz. Among the six seismic sections produced by the explosions from the six locations, four sections provided reflection arrival times related to the Moho ). The wide-angle reflection/refraction signals could be seen on section generated by a single explosion (Fig. 5) . However, it was enhanced by a summation of the two shots at each location. A simple 1D seismic model was employed in the processing of data from northern profile T1 based on the wave-field Tau-P analysis (McMechan et al. 1982) , yielding an estimated crustal thickness of approximately 27 km in the margin of the Hanoi Basin (Dinh et al. 2009; Harder and Dinh 2011) . The 1D estimates were taken as input for 2D forward modeling using the ray tracing program RAYINVR (Zelt and Smith 1992) in an iterative procedure starting with the shallow structure and the upper crust, and then including the Moho reflections in order to model the whole crust. The determined velocity model of the northern seismic profile (T1) inverted from three seismic sections of different shot points as shown in Fig. 6 . 
Regional gravity Investigations in northern Vietnam
Until recently, most geophysical data available for northern Vietnam consisted of gravity and magnetic anomaly maps (Department of Geology and Minerals of Vietnam 1995; Doan et al. 2001) . In this study, based on collected data, 18 gravity lines (Fig. 7) uniformly distributed across northern Vietnam, were reprocessed for the regional Bouguer gravity map to determine subsurface crustal structure profiles. Patterns of obtained Bouguer gravity anomalies indicate that the Northeast region is characterized by relatively simple subsurface structures (Fig. 7) . The eastern part of this region is dominated by a smooth regional anomaly trending in a NE-SW direction. On the northwestern corner of this region, the regional gravity anomalies change to a predominantly NW-SE direction, and the horizontal gradients in size and intensity of the anomalies are more strongly developed. Within the RRFZ, there exist a number of narrow NW-SE trending gravity anomalies. A negative gravity anomaly with strong horizontal gradients is present in the area of the Hanoi basin, where crustal thicknesses are estimated to be thinner than those in other areas (smaller than 26 km) .
Over the years, interpretations regarding deep structures in northern Vietnam have been based mainly on the distribution of gravity anomalies, as most of the main structural elements of northern Vietnam are reflected in the gravity data (Bui 1983; Cao 1985; Cao and Dinh 1999; Dang 2003) . However, uncertainties and differences regarding the results and interpretations of different researchers can be attributed to large differences in the values of crustal parameters used in the different studies, as the values of these parameters have not been well constrained.
AnAlySIS And ReSulTS
In this study, we inverted gravity data to reconstruct the crustal structure interfaces for the entire region of northern Vietnam. Our analysis procedure was performed in two steps. First, we compiled two seismic explosion datasets that intersect the major geotectonic units of northern Vietnam and all previously available geophysical information to infer depths of the major crustal interfaces beneath the two seismic profiles. From these data, two crustal profiles with 2D interfaces were reconstructed. Then, we fitted the Bouguer gravity anomalies along each profile to determine the densities of crust beneath profile. Second, by constraining the range of possible crustal densities as well as additional surface-layer sediment densities determined by the Vietnam Geological Survey, we reconstructed 18 crustal profiles from the inversion of gravity data so as to determine the depths of the Moho and Conrad discontinuity (referred to as the Moho and Conrad in this study). We then integrated the crustal profiles to reconstruct the crustal structures of the entire northern Vietnam region.
Crustal densities Along deep Seismic Survey profiles
We reconstructed crustal structure section beneath seismic profile, based on the seismic velocity model and combined with the results of additional gravity and geological data related to tectonic fault systems nearby. The structures of both sections are similar to those obtained from the seismic profiles, with limited modifications and smoothing to fit geological data. For example, the section in Fig. 8 was modified from the seismic profile presented in Fig. 6 . In the reconstructed section, the depths to the uppermost interface and crystalline basement were estimated from additional geophysical and geological information (Bui 1983; Doan et al. 2001; Dinh et al. 2011) . Thus, on the northern seismic profile (T1 in Fig. 2) , the depth to crystalline basement varied from smaller than 1 km to larger than 6 km. The high uplifted block on the northeast side of the Song Lo fault zone is related to the shallow depth of the basement [thus, smaller than 1 km beneath the southwestern (SW) explosion point, Fig. 6 ]. The thickest section of Cenozoic sediment (deeper than 6 km) is located between the Red River and Song Chay faults. After these thinner sedimentary modifications to the original seismic profile, the reconstructed section (Fig. 8) shows the main crustal interfaces between the surface and the upper mantle. The major surface faults were plotted as reference from its surface locations and extend to the deep crust according to information of fault orientations ). Based on the seismic velocity model of the southern profile (T2), not shown in this study, similar procedure has been applied to reconstructed structural section of T2 (Fig. 9) .
In this study, the reconstructed sections (Figs. 8 and 9 ), in combination with gravity data modeling, were used to constrain the densities of the Earth's crust. Of course, the density values of the uppermost sedimentary layers in northern Vietnam are strongly lateral variation and depend on rock type as well as the degree of deformation and weathering. (Bui 1986 ). In Fig. 10 , the density value of the uppermost sedimentary layer was previously assigned based on its surface rock types and was used in the gravity computations in this study. Based on the interface structure along profile T1 (Fig. 8) , the density values of deep crust were determined by fitting observed gravity anomalies from a computation using the 2.5D gravity modeling (Busby 1987) and as shown in Fig. 10 . The major surface faults were plotted as reference in Fig. 10 and did not involve determining crustal densities. Because the densities of the deep crustal layers and mantle reflect the regional character of the structure model, the values obtained from the above calculations were used to reconstruct a crustal model for gravity modeling of areas outside the seismic profiles. The determined crustal densities of the upper crust, lower crust and mantle were listed in Table 1 also.
Regional Crustal Structures of northern Vietnam
For the construction of the initial gravity model, we referenced average density values of the uppermost sedimentary layer listed in Table 1 . The theoretical gravity anomalies from the crustal structures were calculated by forward modeling, in which the geometric form of each layer was approximated by a polygonal set (Won and Bevis 1987) . The lengths of gravity bodies in a direction perpendicular to the investigated profile were estimated directly from the map by measuring the length of the anomaly in this direction. To minimize the deviation between theoretical and observed anomalies, the Marquardt least-squares method was applied to the gravity inversion (Thanassoulas et al. 1987) . A fit between the calculated and observed curves is difficult to obtain, as the original Bouguer gravity anomalies contain numerous small local anomalies. The testing calculations conducted for profiles along the two sections indicated a better fit to the data when using an upward-continuation of gravity anomalies to above-surface level of 2.5 km (Dinh et al. 2010 ). Elimination of a small number of local anomalies related to shallow subsurface objects and the upward-continuation to a level of 2.5 km did not generally distort the relationship between the observed Bouguer anomalies and the structural elements; thus, this mapping was used for the gravity modeling in this study.
The depths to the Moho obtained from the two MT profiles were used to constrain the model geometry and parameters used in the gravity modeling along the profiles (Doan et al. 2001; Doan and Dinh 2003) . According to the regional density parameters listed in Table 1 , observations along each gravity line were inverted to derive the depths of crustal interfaces by theoretical gravity modeling (Won and Bevis 1987) . Finally, we integrated the crustal structure profiles to derive a crustal structure model for the region of northern Vietnam.
The depths to the Moho in northern Vietnam, as obtained by our calculations, are presented in Fig. 11 . The depth to the Moho changes gradually, increasing from 27 -30 km near the coast to 36 -37 km at the Vietnam-China border. The uplifted portion of the block also extends in a northeast direction, with the depth increasing to larger than 33 km in the area close to the Vietnam-China border. In the northern parts of this region, the depression of the Moho surface extends to the region of China, with depths larger than 36 km in the center of the northern region. We also found that the depth of the Moho gently increases from coastal areas to the northwest section of the fault zone, reaching Mantle -3.14 -3.21 Table 1 . Densities of rocks in northern Vietnam as determined by Bui (1986) and this study. approximately 37 km in the Vietnam-China border area (Fig. 11) . However, in the middle section of the region, we detected an uplifted structure where the depth of the Moho was smaller than 28 km; this is located approximately 50 km north of Hanoi city. In the RRFZ, the Moho surface is characterized by an uplifted structure stretching along the entire segment of the fault system in northern Vietnam. The smallest crustal thickness smaller than 26 km was located in the area of the Hanoi basin. The interface of the Conrad plane in northern Vietnam was obtained by calculations of this study as shown in Fig. 12 . The plane presents a morphology that is substantially different from that in the Northeast and Southwest regions. Over half of the structures in the Northeast region are characterized by relatively isometric shapes and are distributed along a subparallel trend. In contrast with the Northeast region, the major structures in the Southwest region are extended in a NW-SE direction. Furthermore, several alternating positive and negative structures on the Conrad plane, occurring at several different scales, appear near the coastline. By comparison with the northern block, the southern block of the Northeast region shows a stronger uplift pattern.
These data on the Conrad represent the first analysis of this structure beneath northern Vietnam. In the following sections, more details of the features of this interface will be examined and correlated with the surficial geology.
dISCuSSIon

lateral Variation of the moho Interface
Patterns of the Moho show regional differences between the Northeast and Southwest structural regions. The structure of the Moho in the Southwest region trends NW-SE in most areas, except in the southern end of the study region where the trend is submeridianal (Fig. 11) . A region of relatively high horizontal gradients on the Moho in the Southwest region (as compared with gradients in the Northeast region) occurs from the middle to the south of the section. An elongated and uplifted Moho structure trending NW-SE and with a length larger than 100 km and a central depth smaller than 38 km occurs in the northern part of the Southwest region. Overall, the Moho identified in this study (Fig. 11) shows smoother features than those of the Conrad.
In the northern part of the Northeast structural region, the Moho trends subparallel to its surface geological structure direction and is gently dipping to the northeast in the northern-most part of the region. Thus, the depth of the Moho generally increases from coastal to mountainous areas, and increases more rapidly to the northwest. The depth of the Moho in the northwest corner of northern Vietnam is up to approximately 42 km. Horizontal variations in the Moho across the RRFZ are represented as pronounced differences in the density and orientation of crustal thickness isolines. Measurable uplift of the Moho in the area of the Hanoi basin and marked differences in the trends of structures in the Northeast and Southwest regions are signatures of crustal scale deformation along the Red River fault system in northern Vietnam. Analogous signs have been detected in patterns of deformation along other main tectonic faults, such as the submeridianal Dien Bien and Song Da faults, and arc-shaped faults in the northern part of the Northeast region.
lateral Variation of the Conrad Interface
Based on the morphology of the Conrad, the Northeast region can be divided into two regional blocks separated by the arc-shaped subparallel Song Thuong fault, which is located in the middle of the region (Fig. 12) . The largest structural unit located in the northern block is a region of subsidence; the depth of the Conrad in the center of the structure is larger than 24 km. The unit is bounded to the northwest by the Song Chay fault and to the south and east by the arc-shaped Song Pho Day fault system , and the depression extends into the territory of China. This area correlates with the surficial location of the Song Chay metamorphic dome (Gilley et al. 2003; Searle 2006 ) and shown as SCMD in Fig. 2 . Horizontal gradients on the Conrad are gentler on the northwestern side than on the eastern side of the unit.
Within the RRFZ, the Conrad is divided into two sections. In the northwest part of the RRFZ, the interface is slightly uplifted (R1 in Fig. 12 ) with a high point at a depth of 16 km. The region of structure R1 contains the Day Nui Con Voi metamorphic complex, which outcrops along the RRSZ in northern Vietnam (Anczkiewicz et al. 2007; Yeh et al. 2008 ). In the southeast part of the RRFZ, the Conrad shows a deep depression trending NW-SE (R2, Fig. 12) , with a depth in the center of the depression of larger than 20 km. The Hanoi basin, with its thick sequence of Cenozoic sediments, is located above this depression.
In the Northeast region, located to the northeast of the RRFZ, the Conrad can be divided into northern and southern regions. In the northern region, the surface is smooth and dipping to the north (structure N1 , Fig. 12) ; structures N2 and N3 are well correlated with patterns of moderate subsurface uplift. In addition, the locations of active faults in surface correlate with regional boundaries delineated by the morphology of the Conrad. In the southern region, two depressions (N4 and N5, Fig. 12 ) are located in the eastern part of the block, with depths to their centers larger than 18 and 16 km, respectively. Two small uplifted structures (N6 and N7, Fig. 12 ) are located close to the Song Lo fault. These structures are located on the northeast periphery of the Hanoi basin, and are overlain by Quaternary-Neogene surficial sediments.
In the Southwest region, many structures on the Conrad are elongated in a NW-SE direction. Adjacent to and southwest of the Red River fault, a parallel feature of the Conrad extends for approximately 200 km (S1, Fig. 12 ). This area correlates with the surficial location of the Day Nui Con Voi complex (Cao and Dinh 1999; Dang 2003) . Structure S2, located to the west of structure S1, is a significant uplifted structure with a NW-SE trending axis. Southeast of structures S1 and S2 and aligned in a NW-SE direction are five closed structures (S3 -S7), bounded by the Song Ma and Red River faults (Fig. 12) . A linear structure is located parallel to the Red River fault (S3). Beside this structure, a couple of depressed and uplifted blocks (S4, S5) distributed. The locations of two structures (S6, S7) within the Song Ma uplifted block are consistent with the locations of subsurface structures and the morphology of the Conrad in this region. To the south of the Song Ma fault two structures (S8, S9) were detected on the Conrad. Structure S8 is a depression, with a depth of approximately 20 km at the Vietnam-Lao border; this structure is well correlated with the subsurface Phu Hoat uplift. Positive structure S9, with a depth smaller than 14 km, is situated beneath the center of the subsurface Song Ca depression. A positive structure on the Conrad (S10), with a depth smaller than 16 km and located in the northwest corner of northern Vietnam, is bounded by the Dien Bien fault.
Tectonic Implications
The results of this study can be compared with two recently published reports on the depth of the Moho beneath northern Vietnam. The first, by Huang et al. (2013) , describes local tomography, and the second, by Nguyen et al. (2013) , describes the results of a regional receiver function analysis. Huang et al. (2013) provided the first regional 2D Moho variation map at low spatial resolutions, and Nguyen et al. (2013) provided better constrained Moho depths, but only at locations beneath 24 seismic stations used in their study. The present study, on the other hand, provides information on the Moho derived from uniform sampling and a high-resolution 2D variation map beneath northern Vietnam. The Moho depths determined in all three studies show slight differences across the Red River basin, and all indicate a greater depth for the Moho in the Southwest region. However, the results of Huang et al. (2013) show that the Moho is shallow beneath the northwestern mountainous region, as opposed to the results of Nguyen et al. (2013) and those of the present study. While the trends in the Moho depth determined by Nguyen et al. (2013) are similar to those determined in the present study, our Moho depths are systemically deeper (see Fig. 13 ). The discrepancies between the two studies can be attributed to differences in the values of crustal parameters used in the different models. However, the differences also point to possible limitations in the accuracy of the 3D crustal model determined by the present study, as inferences about crustal density using deep seismic data from only a limited range of structural zones may, given the geological complexity of northern Vietnam, compromise the results. Thus, in regions located farther from seismic profiles, the accuracies of 3D structures determined using the gravity inversion model might be reduced. Legendre et al. (2015) explore the Rayleigh-wave phase-velocity structure beneath northern Vietnam. Surface dispersion curves are inverted for both isotropic and azimuthally anisotropic Rayleigh-wave phase-velocity maps in the frequency range of 10 -50 s. Legendre et al. (2015) provided extra information of regional seismic anisotropy of the region. For isotropic velocity map, it provided a lateral variation of velocity pattern and consistent with the identified structure pattern of this study (Figs. 11 and 12) . However, no crustal boundaries were identified from their results and to discuss uncertainty of boundaries. Furthermore, some uncertainties can be expected on account of terrain corrections for gravity observations in regions of complex mountainous topography. However, the consistent results of a greater depth for the Moho in the Southwest region of the northern Vietnam may link to the southeastern extension mechanism of the eastern Tibetan along the eastern Himalayan syntaxis.
The measurable thinning of the crust beneath the Hanoi basin, as revealed in this study and in other geophysical investigations, may be a major factor contributing to elevated geothermal gradients in the study region (Fig. 4) . Crustal upwelling accompanying the extrusion of dense mantle material may compensate for rapid subsidence of the surface caused by rifting processes. In addition to the locally extended ellipsoidal anomaly inside the RRSZ, a moderate anomaly on the northern margins of the basin may have been generated by thermal fluids migrating along faults (Fig. 4) . According to temperature estimates of the crust in the Hanoi basin, temperature gradients in the central part of the basin are higher than those in marginal areas (Dinh et al. 1994) . On the uplifted section of the Moho located at a depth larger than 26 km, the temperature is higher than 600°C; meanwhile, in the marginal parts of the basin, where the Moho is horizontal and at a depth larger than 30 km, the temperature is higher than 500°C (Dinh et al. 1994) . Thus, the temperature distribution in the crust is well correlated with variations in crustal structure beneath the Hanoi basin. The regional high heat-flow and thin crust determined in this area were suggestive of a recent rifting process of the opening of the South China Sea (Mazur et al. 2012) .
Low resistivity values were observed inside the RRFZ, from the shallow layer to the deep crust (Fig. 3) . Low resistivity values at shallow depths are probably related to hydrologic saturation of deformed rocks within the RRSZ. In the deep crust, on the other hand, the low values may be attributed to the activity of geothermal fluids generated by enhanced heat flow from the mantle (Duchkov et al. 1992; Harder et al. 1995) . For example, a low-resistivity zone on a section of the Song Lo fault (located at the area of measurement point DA2 of Fig. 3 ) was detected that can be associated with a region of relatively high heat-flow anomaly and in a smaller area where heat flow exceeded 70 mWm -2 (Fig. 4 ).
An unusual low-resistivity area observed in the upper mantle in the RRSZ (less than 200 Ohmm in Fig. 3 ) may correspond to an enhanced ductility. Link to the crustal profile along the seismic line (Fig. 10 ) and determined entire Moho interface of the northern Vietnam (Fig. 11) , the lateral variation of the Moho depths across the RRFZ has no direct relation with the surface faults. It may indicate that the RRFZ developed within crust and remained a crustal fault.
earthquake hazard Issues
Comparing to major tectonic active regions of the world, Vietnam is ranked as a low-seismicity region by its self-evaluation (Nguyen 2010) . However, present-day seismic activity has included a series of moderate earthquakes, some of which have caused remarkable damage. Historically, moderate earthquakes have been reported most frequently in the vicinity of active regional faults (Nguyen 2010) . According to previous studies, nearly 90% of the earthquakes in the region have been located in northern Vietnam, and among them, a large proportion are concentrated at shallow depths in the Northwest structural region (Huang et al. 2009; Nguyen 2010) . The relationship between seismic activity and the temperature distribution in the crust in northern Vietnam should be addressed in future studies. Furthermore, according to the integrated geophysical investigations of the present study, the RRFZ is a major active fault of this region. However, until now, evidence regardless stress conditions in the RRFZ. It can be either strain free or fault lack saturations. Further studies are therefore required to resolve important questions about the nature of seismic hazards in this region. The high population density of Vietnam necessitates effective and sustainable land-use pattern. Geological hazard assessments derived from scientific research studies during the last decade have still not satisfied the increasing demand for effective land-use planning and hazard mitigation in relation to ongoing economic development. This study contributes information to these issues, based on recent geophysical investigations related to the southern segment of the RRSZ in northern Vietnam. The structures on the Moho and Conrad determined in this study provide the outlines of a 3D crustal model of northern Vietnam, which could be used for modeling seismic wave propagation and predicting ground motions related to seismic events also.
ConCluSIonS
In this study, the entire crustal structure of northern Vietnam was constructed by inverting gravity data with constrains by regional crustal density values. Crustal densities were determined by fitting gravity profiles along two previously analyzed seismic profiles. Analyzed results indicate that the RRFZ is the boundary between two regional crustal blocks with slight differences in density and Moho depth. The newly determined Moho suggests a more stable regime in the northeast region relative to that in the Northwest region. The morphology of the Moho is well correlated with major geological boundary faults in the region. Detailed zonation of the Conrad indicates that surface variations are well correlated with major subsurface geological structures in northern Vietnam. As compared to previous magnetotelluric and heat-flow observations, the detected low resistivity in the uppermost mantle beneath the Hanoi basin shows a good correlation with a high heat-flow anomaly and thin crust and link to the response of the opening of the South China Sea.
